Nanopillars have become a popular area of interest over the past few years because of their large surface area and their unique optical and electronic properties as 1D nano structures. They have proven useful for developing sensing devices. This minireview summarizes the sensing applications of nanopillars based on various sensing platforms.
INTRODUCTION
Materials at the nanoscale possess characteristics that are dramatically different from their corresponding macroscale ones. In recent years, significant progress has been made in fabricating nanopillars, and nanodevices based on nanopillars. [1] [2] [3] Fabrication of nanopillars has been achieved by using a variety of techniques, such as traditional lithography, electron beam lithography, focused ion beam lithography, reactive ion etching, 4 chemical vapor deposition (CVD), 5 6 pulsed laser deposition, 7 8 self assembled method, 9 and template-assisted techniques. 10 11 The materials for these nanopillars include silicon, metals, metal oxide, ceramics, and polymers. 12 The vertical configuration of the pillars provides unique characteristics for applications in novel nanodevices, such as in-plane and out-of-plane magnetization, 13 aligned pillars with spatial profiles as waveguide or nanolaser resonators, 14 solar cell without antireflection film, 15 16 and biosensors. 17 In this mini-review, we intend to summarize the recent development of sensing applications of nanopillars based on various sensing platforms. * Author to whom correspondence should be addressed.
SENSORS BASED ON CONDUCTIVITY/RESISTIVITY CHANGES
The conductivity/resistivity of nanopillars has been used for sensors. Commercially available infrared photodetectors generally consist of interband HgCdTe and InAsSb materials, or intersubband transitions with quantum wells. The disadvantages to these devices are the high Auger recombination and thermal generation rates. Type II superlattices are an alternative to these conventional infrared detectors because of their misaligned band alignment, which results in lower Auger recombination and higher device sensitivity. Rezeghi et al. 18 developed the infrared photodectors based on arrays of nanopillar Type II InAs/GaSb Superlattice ( Fig. 1 left) . The pillars were fabricated by means of electron beam lithography (Fig. 1  right) . The height/diameter aspect ratio was approximately 10:1, and the first nanopillars in the InAs/GaSb material system. Surface leakage currents become increasingly dominant due to the large surface area to volume ratio.
However, the paper focused on the fabrication of nanopillars and no measurement on the photodetecting device was conducted. In a later paper, the same group reported 19 the photoresponse from large arrays of 40 nm radius nanopillars ( Fig. 2) with response in the longwavelength infrared region. Taking advantage of the carrier confinement effect, the nanopillar structures were used for absorption at different wavelengths. Responsivity measurements at 30 K indicated a peak wavelength response at about 8 m with responsivity of 420 mA W −1 at − 2 V bias. Even though the bias dependence looks the same for both the nanopillars and the bulk material, the nanopillars appear "hotter" because there are more components of energy in their excited states in the tunneling direction. A maximum internal quantum efficiency of 4.5% was derived from the experiment. In the future it may be possible to gate the nanopillar structures in a way that uses self-assembly to chemically control the carrier confinement.
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Semiconducting metal oxide sensors have been extensively studied because of their simplicity and sensitivity to the conditions surrounding them. Zinc oxide has been under extensive research due to its high chemical stability, low cost, and good flexibility in fabrication. Bie et al. 20 fabricated a film of zinc oxide nanopillars for use as a sensitive gas sensor. The nanopillar film (Fig. 3 ) was synthesized directly on an Al 2 O 3 tube. The resistance of the sensor in air or test gas was measured by monitoring V out . The responses of the aligned zinc oxide nanorod sensor to 100 ppm ethanol and hydrogen were approximately twofold higher than those reported literature values. This dramatic increase in sensitivity is due to the larger effective surface area that the aligned nanopillars create. This could lead to the development in the future of a new class of sensitive and stable sensors.
ELECTRODES
Anandan et al. 21 and characterized the role of reaction kinetics and mass transport in glucose detection. Taking advantage of the increased active surface area from the addition of nanopillars, it is expected that the sensing performance of the NAEs, such as sensitivity, can be improved as compared to flat electrodes. The authors fabricated thin, gold electrodes with arrays of vertically standing gold nanopillars at different heights (Fig. 4) by using a template method, and measured their amperometric current responses under bare and functionalized conditions. Figure 5 left shows the current responses of the NAEs under bare conditions with incremental drops of K 4 Fe(CN) 6 , and Figure 5 right shows the current responses of the glucose oxidase modified NAEs with incremental drops of glucose. The results showed that at a higher reaction rate constant, such as redox reaction of K 4 Fe(CN) 6 , only the top part of the NAEs serve the purpose for transferring electrons. At a lower reaction rate constant, such as enzymatic reaction of glucose, the current is affected by the height of the pillars. The results suggested that the enhanced current response in glucose sensing can be attributed to the effective mass transport facilitated by the relatively lower reaction rate constant of glucose, i.e., the significant improvement in sensing performance occurs only when the reaction rate constant of the target species is low. They concluded that the geometry of the nanopillars must be optimized to accommodate each specific analyte species in terms of its reaction kinetics and mass transport in order to reap the benefit of using nanostructured electrodes to improve sensing performances.
In a later publication, they 22 enhanced the performance of a fluidic glucose sensor by using gold nanopillars modifed 3D electrodes. The glucose concentrations were varied and the amperometric currents were measured at each concentration to evaluate the performance of the fluidic glucose sensor. The nanopillar modified sensor exhibited a linear behavior with a sensitivity of 35.9 A cm
in a concentration range from 0.25 to 2.5 mM. This sensitivity value was five times higher than the sensitivity value for the flat electrodes. The surface may be applied for other devices, for example neural probes and fuel cells. Feng et al. 23 fabricated silver nanopillar arrays on graphite plate electrodes and investigated their sensing behavior. The nanopillars were coated with a monolayer of hemin to determine their capability as NO 
THERMAL BIOSENSING
Wang et al. 24 used silicon nanopillar substrates to enhance the sensitivity of thrombin detection by using a novel thermal biosensing technique. Linear temperature scans reveal sharp melting peaks during this phase change (Fig. 6) . The area and position of the melting peaks reveal the amount of thrombin present. A detection limit of 22 nM was achieved due to the phase change of indium nanoparticles on a flat aluminum surface and the sensitivity can be enhanced by four times using silicon nanopillar substrates that have higher surface area. By combining the high specificity of aptamers and the large surface area of silicon nanostructures, the thermal signals obtained during the phase change of the nanoparticles provide a highly sensitive, selective and low-cost method for thrombin detection. The advantage of the thermal sensing technique is that the thermal detection is immune to colored species in solution and has been directly used to detect molecules in serum samples.
FLUORESCENT SENSORS
Suzuki et al. 25 combined a silica nanopillar and fluorescent peptides to create a biosensor for vascular endothelial growth factor (VEGF). The fluorescent peptides that have a high affinity towards VEGF were covalently crosslinked on a nanopillar chip. The fluorescence intensity of the peptide on the nanopillar substrate increased with increasing VEGF concentrations (Fig. 7) . The fluorescence intensity was higher when using the nanopillars versus the flat 
PLASMONIC SENSORS
In an early publication, Grigorenko et al. 26 demonstrated that an array of coupled gold nanopillars can be used to detect local indices of refraction of different liquids by using a shift of an antisymmetric plasmon resonance peak observed in the reflection spectra. It works as an excellent detector since the peak's spectral position is a unique function of the local refractive indices over a wide range. The advantage of this method is that it provides a micrometer spatial resolution and a very high sensitivity (3 nm per 0.01 index of refraction). The simple optical scheme for plasmon excitation and the compatibility with highthroughput analysis are grounds for the assumption that the media can be successfully used for bio-and chemsensing. In another study, Dmitriev et al. 27 presented a straightforward yet effective method to double the refractive index (RI) sensitivity of surface-supported nanoplasmonic optical sensor by lifting the metal nanoparticles above the substrate using a dielectric nanopillar. Lifting the nanoparticles with the nanopillar should decrease the spatial overlap between the enhanced fields generated at plasmon resonance and the substrate, increasing refractive index sensitivity. They subsequently deposited SiO 2 and Au, which resulted in metal nanodisks supported on a silica "pillar" (Fig. 8) . It is found that the RI sensitivity markedly increased as the height of the supporting pillars increased. The pillar supported plasmonic nanostructures are likely to further facilitate the development of novel nano optical sensors for biomedicine and diagnostics. They claimed that all major advantages of the nanofabricated surface-supported geometries for sensing applications, such as high spectral tunability, array-type integration, reproducibility, and high-degree of topological control/orientation, are retained. Çetin et al. 28 introduced a nanopillar array (Fig. 9 ) for optical trapping, nanospectroscopy, and biosensing applications. The tight localization of plasmonic excitations in the nanopillar array leads to spectrally narrow resonances. This allows for large index sensitivities (S = 675 nm/RIU) and a high figure of merits (112.5). The tips of the nanopillars serve as plasmonic "hot spots," which are readily accessible to biochemical analytes. This results in ultrasensitive spectroscopic measurements and optical trapping of nanoparticles, especially those with low power excitation sources. The direction of the trapping force is able to be controlled by the polarization dependent optical force gradient created at these hot spots. The figure of merit is more than a magnitude larger than previously calculated figure of merits for the same nanoparticle system.
Kubo and Fujikawa 29 created Au double nanopillar (DNP) arrays ( Fig. 10) with nanogaps of several tens of nanometers. The nanogaps in the Au DNP induced an enhanced plasmon electromagnetic field which improved the sensor performance. Au DNP arrays that contained a 33 nm nanogap showed a refractive index sensitivity (RIS) of 1075 nm RIU −1 and a higher sensor figure of merit (18.1) than those separated inner and outer nanoparticles, which did not have a nanogap structure. The nanopillar arrays could provide future use in developing sensors, sensitizers, solar cells, etc.
The above work provided sufficient support on developing chem/bio sensors based on localized surface plasmon resonance (LSPR) of nanopillars or nanoparticles on dielectric nanopillars. Otte et al. 30 demonstrate the use of nanopillars to improve the sensing performance of suspended plasmonic nanodisks on dielectric nanopillars. Attaching the nanodisks to a solid support lowers the bulk and surface sensing sensitivities because of the high refractive index of the solid support. Attaching the nanodisks to dielectric nanopillars distances the nanodisks from the high refractive index material. The increase in sensitivity that results is proven by a label-free detection of DNA hybridization experiment. Duplex DNA formation was detected in the Au nanodisk. In the nanodisks that are suspended on nanopillars, the sensitivity measurement was 41% better than in the unsuspended nanodisk (Fig. 11) . The method may improve the detection limit of a wide variety of nanoplasmonic sensors. Similarly, Saito et al. 31 developed a similar type of LSPR biosensor for detection of Human immunoglobin (IgG). The polymer pillars were fabricated by using thermal nanoimprint lithography. After a thin layer of gold was sputtered over the tops of the nanopillars and antiIgG antibody was immobilized on the gold surface of the nanopillar, an analysis of IgG was performed to test the biosensing capacity (Fig. 12) . The detection limit was calculated to be 1.0 ng/mL (6.7 pM), which is much lower than that of 1 nM from other experiments, suggesting a great improvement in the sensing and binding capabilities with this new nanopillar system. The mass production with consistent reproducibility makes it practical for diagnostic applications.
Knobe et al. also demonstrated 32 that the refractive index sensitivity of localized surface plasmon resonance sensors can be improved by placing plasmonic metal particles on pillars instead of on a planar substrate. Their work also showed that an increased pillar height results in a blue shift of the absorption spectrum of Au islands, which is explained by a decreased effective refractive index around the islands. One potential advantage of the device is that the pillar-supported Au islands and plasmonic sensor can be fabricated on flexible substrates.
SERS SENSORS
The attempts to create surface-enhanced Raman scattering (SERS)-based chemical and biological sensors have been obstructed in the past due to the inability to create large-area SERS-active substrates that have an ideal SERS response with enough enhancement for easy detection. Recently, Caldwell et al. 33 created a SERS sensor based on periodic arrays of gold-capped silicon vertical nanopillars on a silicon substrate (Fig. 13) . With large reproducible enhancement factors (∼ 2 × 10 8 ) over the surface area of the nanopillars, these prove to be ideal arrays for use as SERS sensors. Self-assembled monolayers of benzene thiol that bound to the gold-coated silicon nanopillars were used to test the ability of the SERS sensor. A slow increase in the SERS intensity was observed when the interpillar gap was increased from 85 to 298 nm, independent of nanopillar diameter. The peak in SERS intensity was noticed at a nanopillar diameter of 130 nm when measurements were carried out at 633 nm incident excitation wavelength and at 150 nm when measurements were carried out at 785 nm incident excitation wavelength. The average enhancement factor measured at 785 nm was primarily dependent upon the plasmonic fields located at the nanopillar base (hole array) and to some extent the nanopillar cap. These results indicate that the traveling plasmons located within the Au-film that is perforated by the nanopillars in the array play a significant role in determining the SERS enhancement factor and that the peak in average enhancement factors at a given diameter is a key feature of the plasmonic architectures, such as arrays of nanoholes, nanodisks, and combinations thereof.
Recently Schmidt et al. reported 34 a relatively simple, maskless reaction ion etching fabrication method for silicon nanopillar substrates with a Raman enhancement. They demonstrated that it is possible to control the sensitivity of the substrates in well controlled increments by reducing the density of pillars. The SERS substrate can be employed for both liquid and gas phase detection in various chemical and biochemical applications. The SERS substrates may be economically viable as disposable consumable. The work demonstrated the possibility of simple, large scale fabrication of a new class of analyte trapping SERS substrates, which may facilitate widespread use of the SERS sensing.
INTERFERENCE SENSOR
Interference of a nanopillar array can also be used to detect certain molecules. Holgado et al. 35 reported biophotonic sensing arrays made of periodic lattices of SU-8 nano-pillars (Fig. 14) . The SU-8 surface was modified with bovine serum albumin (BSA) antigen, and the optical responses of the surface on their molecular recognition toward anti-BSA antibody (aBSA) were investigated. Results showed that the biosensing response was due completely to the molecular binding between the BSA and aBSA. The SU-8 nanopillars showed high sensitivity for molecular detection as compared to that of a single layer of SU-8. The limit of detection for the optical response of the nano-pillars for aBSA was 2.3 ng/mL. In a later work, the same group also reported a SU-8 nanopillarbased immunoassay for gestrinone. 36 Other than the high sensitivity, since the device can be interrogated vertically, which avoids the use of complex coupling systems and packaging, another advantage of the design is its low cost. 
NANOPILLAR RESONATOR SENSORS
Silicon nanopillar resonators (Fig. 15) were fabricated 37 for sensing airborne engineered nanoparticles (ENPs) by monitoring resonant frequency shifts induced by the mass change nanopillars on trapping ENPs. Flowing ENPs were collected by using an electrostatic aerosol sampler and the nanopillars were excited by using a piezo shear actuator. The sensor can be used to detect airborne ENPs in the femtogram regime with a mass sensitivity of 7.41 Hz/fg. A simple ultrasonic cleaning method was successfully performed to remove the adhered ENPs to regenerate the nanopillar sensor. This MEMS/NEMS resonator sensor can be used as a small, low weight, and low-cost handheld device for detection of airborne ENP. 
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CONCLUSION AND FURTHER PERSPECTIVES
1D semiconductor nanostructures, such as nanowires, nanotubes, nanorods, etc., have been gaining popularity in the research community due to their ease of synthesis and unique optical, mechanical, electrical, and thermal properties. A key barrier to wide-scale integration of functional 1D nanostructures into devices is the difficulty of reproducibly forming efficient electrical contacts between nanostructures and electrodes. The uniqueness and advantage of the nanopillar technique is that the structures are directly connected to the surface by being grown in place, whereas other processes have picked and placed nanowires to make similar connections. Being fabricated in-situ allows the nanopillar devices to have controllable interconnection of the nanopillar devices between electrodes through a vertical integration process using no or only relatively coarse lithography. This process meets industry requirements of low cost and high throughput, and offers significant advantages over transfer printing or pick-and-place methods to prepare nanowire based devices.
The nanopillars hold great promise for novel sensing applications. Compared with the lateral interface and smooth surface, the effect of vertical interfaces on the physical properties of nanopillar films is profound. The performance of sensors can be enhanced due to the larger surface areas of nanopillar surfaces. Furthermore, the unique structures and high throughput fabrication process make them ideal for making sensors based on a variety of signal transductions, such as those summarized in this review. Vertical nanopillars may lead to new forms of ordered nanostructures for multifunctional applications and will open up a new level of control in films so that electric or optical properties of materials can be tuned by the appropriate choice of materials. This would also enable more straightforward basic research studies of physical property measurements in strained systems to be undertaken. Nanopillar-based sensors are still in their infancy. Nanopillar sensors based on other transducing methods, such as QCM, mechanical, etc. have not been reported yet and investigations are ongoing in this field.
